
UNCLASSIFIED

AD NUMBER

CLASSIFICATION CHANGES
TO:
FROM:

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD036272

unclassified

confidential

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; APR 1952. Other
requests shall be referred to Bureau of
Ordnance (Navy), Washington, DC 20350.

30 Apr 1964, DoDD 5200.10; BUORD/JHU-APL ltr
dtd 11 May 1967



CONFIDENTIAL 

AM./JHU TO 194-14 

Copy No. :v? 

Chapter 14 
MATERIALS FOR RAMJET ENGINES 

AND 
COMPONENTS 

h 
C.W. teSSERER 

Th« Johns Hopkins Unllvorsity 
Applied Physics Laboratory 

JOHNS norsisit UNIVIKCITY 
AJL?I»LIKD PHYSICS LABORATORY 
SUv«ir tip*ln* MarylamA 

dim*. I lit* MIIIWT I'IWIIMI MM TAX* »IMI 

Ik.   Iltm«n: .4 O..I..,,ii. <    IS imtflKftttl  -J IIM \HV> 

IM» -"*••,»••* -»»-»W l»*V«lWlM*HI -«.<n-« (%•   iwllii il «•*»*» •> 
lilt MSI •••••* ***** ** •*•*'»•-» 4,1 KM tl» HH^I I***    *•--   !• 
*JK. tnwiw rfD -*• rt« r_ wmiiii Bin », mit -• * ••* 
!•**« 4* ••.  •»*•»•. t» »* >I*»**HHW *•*•»- H «i«liil)Wt*. «f **- 

5 4 1 A       1 <) JJ 5 0 



• TTiiiBiimMiu .      I., m      .    ,^„ . ..^.^ •—»——«»..     ii..—iMWi M»HHV*»II mi • ml •WBWPWBMWWWWMiWlttW^..^ 

NOTICE:  THIS DOCUMENT CONTAINS INFORMATION: AFFECTINGTHE 

NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE MEANING 

OF THE ESPIONAGE LAWS, TITLE 18, U.S.C., SECTIONS 793 and 794. 

THE TRANSMISSION OR THE REVELATION OF ITS CONTENTS IN 

ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY LAW.j 

 iniiimiiiia, - •• •    •••  :"  tM^^.  
I 



CONFIDENTIAL 

Chapter   14 

HATSRIAL8        FOR        RAMJBT 

EKOINRS        AND       COMPONENTS 

by 

C.   W.   BnnMnr«r 

The   JohtiH   HopkiiiM   (JHlvciHlly 
Applied   PhyHlc.H   Laboratory 

(Manuscript   submitted   for  pv.bl ic-at i: 
April   1052) 

ft CONFIDENTIAL 
ixrti MIIUWI MIUMM mramatnat •rraniM* »i waw «ua« u i>u -mim mm «IIHH IW 
IVM* t«a «I»H»I«W ia*a. tmi it. mt «..•>«•<« rat »«« ••> "« imiwH.iia » 
iw ««uii« «• HI ocMimtt at «fc>» HMHMM  in «u Mwnaann  aamm >a II>*IM a< , *• 

r> 
,v.  - 

4AA        ••»•).'. r,0 
•or 



CONFIDENTIAL 

TABLE  OF  CONTENTS 

y 

MATURE  OF THE  MATERIALS   PROBLEM 

DEMON CRVTKRTA 

APPLICABLE   MATERIALS 

ProporMoH  of   Applicable  Mutortnln 

Mil (orlu Is   for   Fuel   C«ll> 

REFERENCES 

1 

7 

23 

:i4 

S7 

N4 

CONFIOINTIAL 
M„-   'tOOlMfNf U1N!MN» MP(*t«!IUN   «i*n.,:iwj   n*    NAfKMMI   IttffhW   "-•     .«  UMtlO  tTATII   WttWW    III 
MIMHNd lit-  fit IWONAM  I Ml    ntii  is,   u*<      MVCTION*  <•» AHIF rin     rr«  fflAMSMlH'OMJ 8H 
tn.   fir V3I AtUWf  Of   iTfc  |.(>NfrHM    »N   AH*   UAN«»*    10   AN   HNAMflHtMlfBO    IfMOH H ffiili.mi <» i.   Mr IM 

ti&WfflP 
:&0Rllllt*'»        • 

o I 
/ 

I 

fa 



t 
CONFIDENTIAL 

U.     KATfiRLALfl IQR fiAJLUET SUGU'Efc AU2 CQMJPQHBMTfl 

by 

C.   W.   Beaaerer 

r 

< 

14.1  NATURE OF THE MATERIALS PROBLEM 

In few engineering problem* »ro th#» parameter*; of any 

structural design no mutualiy dependent im In the design of 

lh* ramjet engine.  The interdependence of load, deflection, 

temperature , and time create*- two new rroblems, each of which 

requires a solution before suitable materials can be selectod. 

These problems involve:  (a) An evaluation of the mechanical 

properties of traditional aircraft materials for more severe 

boundary conditions, and (b) a search for new materlaIs which 

can be used in areas in which the conventional aircraft mater- 

ials are Inadequate.  Both of these problems are unususually 

troublesome; the first bocause the basic design problem (with 

exceptionally varied and numerous parameters) frequently is 

not fully understood by M»«> designer or materials engineer. 

An example of thlw misunderstanding is encountered in the 

short-time vereue long-time temperature problem, which is dls-- 

nmaml on V*L"   S -  Th«» MHr.ond problem arises from the fact 

that materials In the development stage vary in their make-up 

and have a tender.cy to be erratic In their mechanical behavior. 
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An educational problem in fabrication technique*, a careful 

evaluation of production and fabrication potential, and a re- 

examination of inspection and testing techniques are also In- 

volved in the MHO of new materials.  The problem la exemplified 

by the development of unable titanium alloys for structural 

applications.  In addition, material! used for guided mis«lles 

are subjected to other deleterious environments Much us vibra- 

tion, •hook, humidity, sand nnd dust, salt spray, temperature, 

prensuro, corronlon, fungus, aim rain.  Those conditions are 

not usually encountered in the name conblnalion as in more con- 

ventional applications. 

The specialize*; requirements for ramjet-engine materials 

can be discussed more satisfactorily if the engine is consid- 

ered to be made up of combustion-system components and diffuser- 

system components.  This breakdown by function gives two differ- 

ent temperature zones for design Mach numbers from 1.6 to 2.4. 

In the 11 ist /.one, temperature effects are due to hot gases from 

combustion, and in the second to aerodynamic heating. 

The combust ion-system components, which for many applica- 

tions comprise the aft section of the missile, present several 

of the most complex engineering problems.  Suitable metals must 

be selected which will withstand temperatures varying from 400 

to 1800 F.  The exact temperature or temperature gradient In 

any particular component or combuetOl' subsystem obviously de- 

pends upon its fund ion, location, and the length of exposure 

(which may vary from as little as three minutes to as long as 

three hours). 

The tailpipe, which in many cases is also the external 

shin of the alt body of the missile, may also be the load 

carrying member.  These load*: may product /ariouo combinations] 

of bending an   we I I   as toriiloual :.nd axli'l stresses.  These 
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Btre*ge0 may he steady-atate or dynamic, depending on flight 

condi ( i-'.nn , and may correspond to ACCOI era t ions varying from 

one g to 30f{ over a vory wide frequency regime.  Deflections 

are associated with load and the manner of load application 

which, for aexodynamic and operational reasons, must be kept 

within the elastic range of the material.  Since dynamic 

loads are Involved, the problems of resonant-vlbrntlon condi- 

tions ar«. alwnyn present, and frequently a design criterion 

demands that certain frequencies be avoided to prevent undo 

si rable ooupllag, 

Drag and prru sure loans to which the noy.rr, le is subjected 

;..:<!! in large tensile ntrnRRM.  Large thermal strasnes may 

also be present, requiring that space allowances be made for 

expansion.  Dot loot Ions of this component, however, are not 

critical.  for long periods of flight, temperatures as high an 

1500 ¥  may cause n gradual but continuous erosion of nozzle 

materials from erosive action of the hot KDHOH. 

The combustor, which is perhaps subjected to the highest 

temperatures in the engine, Is exposed to the drag and pressure 

loads which subject the structural components of the entire sys- 

tem to various combinations of membrane stresses.  During a 

steady-state burning, tempera*uros from 500  to 1500"V  may be 

encountered in various parts of the combustor.  External pres- 

sures present a structural stability problem, not nmenable to 

precise analysis, since the com,/orients contain a great many 

discontinuities in the form Of holes and louvres. 

Combustor accessories such an fiameholders require 

materials having high-temperature strength combined with low 

erosion properties.  A holder must be capable of serving its 

function without appreciable erosion, since burnout could af- 

fect the flame-holding stability, and  of secondary importance 

the metal ions in the exhaust could have an attenuation effect 

on the guidance-intelligence stgnulH 
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In the diffusor system (as In the r«st of the missile) 

load and deflection dealgn criteria are keyed to the function 

of the component.  The design temperaturon are n function of 

Mach number, since components are subjected to aerodynamic 

heating.  For antiaircraft missiles operating up to n Mach 

number of 2.2, this design temperature Is between 350° and 

450°F, depending on the type of guidance system used.  Higher 

temperatures may require positive cooling action In this le- 

gion of the missile, since It houses the electronic equipment 

and the fuol supply.  For antiaircraft missiles operating In 

the regime of Mach numbers 1.8 to 2.2, It has been common prac- 

tice for design purposes to use a temperature rate-of-rlso of 

30 cleg/sec, which Is considered to be conservative.  Because of 

the low thermal ampacity of the thin sheet-metal walla, diffusor 

materials generally reach equilibrium temperature In a matter of 

seconds.  Frequently the limiting design criterion is stability, 

since the diffiiRcr wall shell is loaded In bending and torsion. 

In this case, buckling in torsion or compress!ve buckling In 

bending is the measure of thin stability. 

Ugh strength in a Sight weight, thin section of given 

aerodynamic shape Is required in the diffusor entry lip.  For 

Mach numbers In excess of 2.2, and for flight times in excess 

of a few minutes, the problem of erosion becomes overwhelmingly 

important.  In many rases the Intake lip must support other 

pieces of equipment, BUch as antennas or other intelligence 

elements, and for such designs there Is an added requIremeni 

for a high degree of stiffness. 

Attachment structures and struts are the remaining dif~ 

fuser-system components which require a careful selection of 

materials.  A const< orrsble amount of these materials is re- 

quired because of the nature of those memoors; hence, the 

sirength-weight ratio is quite important. 
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Even though the materials uned in missile construction 

will be subjected to high temperatures foi' only relatively short 

periods of time, the time-tempernture problem is still a very 

critical one.  It is in the time ranges of from a few seconds 

to as much as five or t«n minutes that least is known about the 

mechanical properties of engineering materials.  Becnuse of 

weight consldorations it is desirable to use design allowables 

as high as possible to take full advantage of thermal delnys 

and the short flight times.  The lack of data is partly the re- 

sult of the newnes* of the application and pnrtly the resu 11 of 

the current practice of using conservatively extrapolated data 

for design.  It is well known that the physical properties of n 

material change with temperature, and that, mechanical properties 

that yield point and modulus of elasticity vnry downward with an 

Increase of temperature.  Design data which allow for creep are 

available in the literature, ant., because this creep problem Is 

solved by tolerating a known amount, of plastic deformation over 

a long period of time (years), the mechanical proporty iata as- 

sociated with this phenomenon are L>ase . op Long time periods and 

plastic deformations.  On the other end of the scale, the entire 

subject of short-time high-temperature behavior of aircraft ma- 

terials requires, and la receiving, further detailed investiga- 

tion [3,33 |.  These investigation t/rograms are usually disas- 

sociated from both the conventional creep problem :ind the very 

short time, high-heating-rate problem typified by rocket-material 

requirements.  As long-rango missiles ure designed, ether loin 

perature-time problems will, appear.  For example, one such prob- 

lem which has already become evi ent is the little understood 

"cx*oep buckling" which occurs in members loaned in compression 

with an eccentric loan. 

O 

B 

CONFIDENTIAL 
•»•  XOUIII  •.<*i<*i>>  **OftNMiafK  K'Pli.MM   «•«    MlMM»i   ItfMNW   ••»   I.*  UMt|ll  ii.rn   Vlffjftt   •' 
wtwufju <>r  THi tifM«u«i  IM|    rrf;|  it    tfll     IIQTtaHl  MI AMU >»->     IM>  IMMMMIUSM l 
if*   n*-ii  >ii!-«  f)P   |f|  MMIHfQ    IN   ""    ••'"win    TO   *N   tlt»*iHt*«ft:.»§ll     -nvi.-.   % imwufMU  t* II 



CONFIDENTIAL 

Selection of materials for the ramjet engine requires 

not only the consideration of conventional problems for de- 

signing high-speed airframes, but also the problem of storage 

corrosion and environment.  A high degree of reliability com- 

bined with a minimum amount of maintenance presents contra- 

dictory but necessary uoslgn roqulrements. 
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14.2  DKSIGN CRITERIA 

It has been indicated that the "nature of the materials 

problem" for ramjet engines is very definitely a function of 

temperature and time in a measure beyond the requirements of 

more conventional applications.  Before proceeding to a dis- 

cussion of specific types of materials, it would be well to 

consider in general terms how Nome of the mechanical properties 

of materials are affected by temperature and load as a function 

of time.  Time is importnnt as a parameter even though the short 

flight times for antiaircraft missiles can take advantage of 

thermal inertias, and therofore utilize higher design allowables 

than if the material were thoroughly soaked for long periods at 

the operating temperatures.  It can then bo ehown why certain 

types of materials are applicable to given components. 

Structural materials must have strength and deformutlon 

properties adequate for the intended application.  Figure 14.2-1 

is a comparison of the average yield stressem for a number of 

structural materials at temperatures up to 2000 F.  In general, 

the lightweight alloys are unfavorable when the tempernture 

exceeds 400 F.  In guldeo-misslle structures the strength- 

weight criterion Is important.  (For a given geometry and loading 

condition, the material which gives the lightest member is the 

best choice,,)  In high-temperature applications, the strength of 

a material varies with the temperature, as duos the choice of 

materials based on a strength-wotght-tomporalure criterion.  An 

an example of this, a diffuser wall, subject to bendltiK, torsion 

»n<! pressure loads, constructed of aluminum alloy, would be 

lightest up to 500 F; a Himilnr wull of titanium alloy up to 

900 F, am. a stainless steel wall would be lightest above 900 F 

(based on yielu failure).  A comparison of strength-weight-ratio 

versus temperature for typical materials Is shown In Fig. 14.2.2. 
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After the design environment has been carefully established, 

full advantage of special properties of certain material* can 

be realized.  In particular, the coat of raw materials may be 

an important consideration.  Figure 14.2-3 shows a comparison 

of strength-cost, ratios versus temperature.  It la important 

to note that this figure docs not. Include consideration of 

fabrication and possible special tooling costs. 

Since the structural material will be subjected to both 

static and dynamic loads, the strength criterion must be imnctl 

on the same environment.  Hence, the endurance (imit of the 

Material will be the appropriate measure of strength.  The en- 

durance limit. IN an indication of the metal's resistance to 

fatigue phenomenon, which for most engineering metals lies be- 

tween 1/4 and 1/2 of the ultimate tensile strength of the ma- 

terial for ten million or more repetitions of the load.  For the 

ferrous metals, the endurance limit is considered to approach a 

limit termed the fatigue strength, which is independent of the 

number of HIICHH repetitions.  ThlH limit disappears at elevated 

temperaituro where, for all mnterialB, the endurance limit is a 

function of the number of applications of the load.  The m«asuro 

of a material's resistance to static clastic deformation is the 

modulus of elasticity.  This relationship, which approximates 

the ratio of Htresm to strain in the elastic range as a straight 

line, Is also a function of temperature and decreases in value 

with an increase in temperature as shown in Fig. 14.2-4.  For 

dynamic deformatIons, In addition to the modulus of elasticity, 

the density of the material must be considered, since accelerated 

masses give Inertia forces.  An ideal material for dynamic appli- 

cations might be one as light as magnesium and na stiff as tung- 

sten, but the selection of a material for a particular uso in 

usually based on static rather than dynamic deformations as a 

structural design criterion. 
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Other mechanical and physical properties HUCH as thermal 

expansion (Fig. 14.2-5), thermal conductivity (Fig. 14.2-6), and 

erosion resistance are also important in the selection of ma- 

terials for ramjet engines and further, these properties increase 

in importance as missile flight times become longer.  The prob- 

lems of thermal expansion and thermal shock are especially Im- 

portant In built-up structures, particularly those involving 

several different materials.  Consideration of corrosion prob- 

lems In military applications requlros careful selection of ad- 

jacent materials unless extraordinary protection precautions are 

taken.  It is preferable to use materials as close to each other 

as possible in the furulvanlc series (Table 14.2-1), and in no case 

separated by more than one grouping. 

Another mechanical property of considerable interest is 

ductility.  Since the nature of missile structures leads to com- 

bined stresses and strews concentrations, materials with low 

notch sensitivities arc desirable.  A usable, but not complete 

moauure of this property is ductility, which shows up In the 

mechanical properties most comiuonly as per cent elongation in a 

specified gage length, and less commonly, but more accurately 

as per cent reduction o.r test specimen area.  These properties 

are also some measure of a material's "toughness" which indi- 

cate Its ability to absorn energy before fracture and is there- 

fore  an important mensure or workability.  For purposes of 

comparison, Fig. 14.2-7 shown the relative ductility of several 

typical materials at room temperature.  At elevated temperatures 

the ductility tw Invariably improved. 

Dctul I design consideration must, involve not only the 

initial temperature, but the actual temperature iegime an  u 
function of Hach number, altltutic, and temperature history, 
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Use is made of several different "standard" days (Table 14.2-2) 

to obtain a starting noint £ 9? establishing the temperature 

condltlona for correcting th  design allowables.  Usually for 

structural design, the "stanuard" hot and cold days are used, 

since they represent an envelope of "worst design" conditions. 

Such standard days cannot exist meteorologically, but condi- 

tions at various places on and above the earth car. and do match 

points on the standard day curves; consequently, It is desir- 

able to uae these for design.  For calculating the performance 

of a missile, however, it is preferable to use polar and tropi- 

cal days since these can exist meteorologically. 

Any material has certain advantages and disadvantages 

In a given situation; however, the material selected will 

usually be »» compromise based on th«r following: 

1. It is satisfactory for statical loads, 

2. it in satisfactory for dynamical loads, 

3. It fulfills special requirements (such as 
corrosion resistance, damping capacity, etc.) 

4. it is practical to fabricate on a production basis, 

0.  it is available (and is not a critical matarlal 
in time of war). 

* 

A means of rating strategic and critical materials [lj is 

frequently of value in performing both preliminary and production 

design.  In determining which one of several nut table materials 

should be selected fur a specific application, cons!dotation 

should be given to the current and possible future scarcity of 

the mater la 1. 

This is a method of rating an element numerically ac- 

cording to its relative scarcity by applying materlul factors 

("MF") to the element.  Boron, which is considered abundant 

and noncritical, is given an "MF" of 1, while columblum, con- 

sidered the most scarce and critical, Is given an "1IF" of 2200 

(Table 14.2-3). 
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. TABLE   14,2   3 

fiAAjmulfig ul MSLLCJULAI EauUtna 

Currant Current 
ttavlucU Ural I fttvUtd Pratt 

Aluminum (Al) i-i Marina none (Mn) «i 
Antlmony (8b) 6 Molybdenum (Mo) 28 
Bory ilium (MC) 2V.i) Kic.el !*1 1   » 22 
Boron (B> 1 SoIonlum (So) 50 
Cadmium (Cd) 4 si licon (81) fl 
Ce r1 urn (Ca) 24 S!Ivor (AK) 2 
Ch rum1 urn (Cr) 5 TnnlBlum (Ta) 800 
Cobalt (Co) L60 Tellurlurn (To) 6 
Columblum (Cb) 2200 Tl n (Hn) 16 
Copper (Cu) 8 II Inn lum (ferro )                   2 
Gormanlum (Go) 4 Tl Ian 1 urn (T l > 70 
Indlurn (In) H«) TUIIKHI en (W) 70 
Iron (Fo) 3 Viinnd 1 urn (V) 5 
Load (Pb) 7 Z1 in* (Zn) <". 
Lithium (LI) MO Zlrconlum (Sir) :i 

Magnaalum (*«) 10 

3 

SyuUicLicti 

Acrylic   roHliiH   (Incite,   p 1 «»x IK 1 IIHH ) 
AHhoNtod. long fiber 
Cellulone acetate butyrate ron i n (lonlte) 
CeliulciHo ucelBtit (i> !a«*!.»cr>l«» _ ( I bow lone , utc.) 
Glaus cloth and glaaa mat (fiberglas) 
M.' 1 am t HI-   t •< i 'ina I dehydc   IOH I riH    (me I mac,     ilns    in,   etc.) 
Phenolic   ICHIIIH   (ba^elllo,   (iuroz,   otc.) 
Polystyrene   res 1 IIH   (styron ,   bn'olile,   etc.) 
PolyamldoH   (nylon) 
Po I yIoImfIuoroethyleno   renln   (teflon) 

V 
A 
2 

2 
:» 
2 
.• 
3 
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Uslag these material fRctor;, material numbers ("UN") 

may be obtained for complex materials such an 248 aluminum 

alloy and 4130 steel.  Of several complex materials suitable 

for a certain application, the one with the lowest "IIH" should 

be chonon if scarcity must be considered. 

An example of the method used In determining th« "UN" of 

a complex material.may be Illustrated by 41 no steel. 

TABLE 14.2-4 

- 

K I entente 

c 
Mn 

Si 

Cr 

Ho 

re 

Per Cent 
by WuinUL A "MF" 

0. :\ x 0 0 

0. ft   x   11 3.0 

O.:J x ft 1 .ft 

1.0     K     it ft.O 

0.2   x   28 r>. *; 
1)7.7 x 2  - 195.4 

Total   210.ft  carried 

to nearest whole number 

- 211 - "UN" foi 

4130 steel 

A tabulation of material numbers for mxtorialH of In- 

terest to KIINHI lo doNl|(!ierM is found 1 u Table 14.2-5.  Th I s 

list «nny be kept up to date l»y reviewing the quarterly or semi 

annual chants made in material factors by the Research and 

Df'Vci lopmenl Board. 
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TABLE   14.2-5 

MiHciJui ^umbaxa lux auvctul Cowla* MuLuruiti 

Aluminum Alloy 

3 so 

"JUT 
MS 1342 
17S 134H 
24R 1381 
528 1388 
618 1373 
758 1316 

1324 

AiXfiJUULfc AuftlUx-^lfittiia 
Ho. 

(AX3I   unleun  otherwise) 
 ..MPgClflod)  

'^IWlll 

1095 201 
4 1 30 213 
4340 282 

AMS 8380 294 
SAf 135 (nltralloy) 234 

3 

BlttlalUBB  aifiol 

ZXBft 
302 403 
303 463 
321 517 
414 288 

Hunt?'Hoy   X 1400 

Navn!   binMM 
CoillllH'I'l'illl      lll'ilSH 

728 
730 
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14.3  APPLICABLE MATERIALS 

e 

c 

In thin (lection are covered BODKI of the advantages and 

disadvantage!* of present and future ramjet-engine material*. 

Little will bo included of the doMlgner'M problem of replacing 

conventional, production-tried materials with now materials 

which require different fabrication and tooling techniques and 

additional training,  Thin educational problem might well be 

encountered nt all technical and suhtochnlcal levels in any 

stage of materlnl applioat ion. 

In considering materials for ramjet engines, it will 

again be convenient to divide the engine into 11 eombustor sys- 

tem and a diffuser system, both of which are combinations of 

engine and airframe parts. 

Hatei luls for the eombustor must, for the most, part, 

retain their e last. I c- range mechanical properties nt high tern 

peraturos.  For design purposes the definition of n high I em 

perature structure 1H iftOO F, but future requ 1 rement s may be 

as high as :i()00°r.  Auntenltlc stainless steels of the AIM 302 

and 321 types art) frequently used for structuics at these tom- 

poratures.  These a*o iow carbon steels with IK per cent chrome 

and 8 per cent niche 1 and are ductile anc. suitable for the form- 

ing and welding techniques common to eombustor components.  At 

present no ferritic low alloy steel (which would be more work- 

able, weldahle, economical, and less critical) has been devel- 

oped which can be used at 15(>O'F.  The turbine industry, however, 

has succeeded in developing a chrome-molybdenum-vanadium ferritic 

steel good at I OOP F for high pressure turbine applications, In- 

dicating that progress Is being made In this field.  Also avail 

able are nonferroim alloys for high temperature service which 

are superior to stainless steel In their high temperature prop- 

erties but are more difficult to fabricate, more costly, and 
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use more critical constituents.  Two oxamplos nro Haatelloy X, 

n newly developed nickel -mo 1 ybdonum alloy (low In «t ra I eg It- 

alloy content), or.d Inconel X, a chrome-nickel alloy.  If oom- 

1)UM tor-wall temperatures are Increased to 1800 F or above, It 

becomes nocoHHnry to turn to a pure metal like molybdenum, which 

1H at present expansive and difficult to fabricate, or to one of 

the iron chromium-nickel-cobfl 1 I alloy*, nuch a« Hnynos alloy 

No. 25, which have the double disadvantage of being both expen- 

sive and compound of critical materials.  A UiKt> amount of the 

current material research IH being devoted to developing new 

hIgh temperature metallic alloys. 

At temperatures above IHOO K NUCII nonmetalllc materials 

as technical ceramics may be considered.  Npoeiul properties of 

several typical technical ceramics are (/Ivcn In Table 14.3-1. 

TlieHe RiHlmiulH have desirable high --temperature characteristics, 

hut are iiHiially brittle and mil fable, almost without exception 

only for compress!vu stress loadings.  Ceramic coatings are ad- 

va tit ii«eo'<H because they permit the use of less critical materials 

and may be used If the extra cost of processing and handling is 

not ©xcensAvo.  Suhst.I tut Ion of light alloys for steels by using 

coatings Is usually not feasible In combust or parts, since tho 

working temperature exceeds the usual allowable values very 

rapidly.  The ceramic merely flattens the rate of the tompora- 

tu»"o-rlBe curve, but does not act as a complete Insulator. 

Melal-ceramic compositions combining the desirable mechanical 

properties of both materials may be useful for certain applica- 

tions, but fabrication Is limited to powder metallurgical pro 

cesses because of the high melting temperatures.  Borne of these 

materials are extremely brittle, and cannot bo used except under 

cornpiessive loads.  Special design techniques are thus required, 

and machining is usually dona in the unsintered condition. I 
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Another possible) solution to the extreme high-temperature 

problem in the combustor may lie in the application of protective 

coatings of existing high-temperature materials. 

Dtffuser-system components are at present subjected to 

maximum temperatures of about 450 F.  Steel noed not be consid- 

ered until »n operating temperature of about 9(H) F is reached, 

since competition with the lighter materials would require gauges 

Impractical to fabricate for the inquired configurations.  Light 

alloys are presently used for dlffuser components.  Typical de- 

sign data are shown in Figs. 14.2-1, 14.3-1, 14.3-2, 14.3-3, and 

14.3-4,  Although the heating raten used to obtain data for Figs. 

11.3 2 and 14.3-3 are higher than anticipated for antiaircraft 

missile structures (except the combustor) , the data are consis- 

tent and adequate for design.  Much more detail Is glvon by the 

Munitions Board Aircraft Committee |73| from which these data 

were extracted.  New aluminum alloys, at prosr-nt In the develop 

m*»nt stage, offer the possibility of about 35 per cent higher 

strength properties at 600 F than alloys presently in use.  A 

n«rlouH shortcoming of aluminum has been the poor woldabllity 

of norm- of its stronger alloys.  Magnesium is another material 

which has strength-weight properties attractive to the designer. 

Typical design data for some of th« alloys are shown In Figs. 

14.3-5 and 14,3-0.  Magnesium has notch sensitivity as good as 

aluminum and Momewhat better fatigue properties.  Recent ad- 

vances In the field of magnes I inn rare earth-zirconium alloys 

offer good high-temperature properties up to 000 F.  Magnealum 

requires extra precautions to Insure corrosion resistance. 

In the temperature range between f>0()  and 900 F, titmnium 

has the mechanical properties, strength, stiffness, and corrosion 

resistance, required for a good MlfInner material.  The mechanical 

') 
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f»-IH Alloy-Woom T»nip ft,r-2«pOO-52.000 Ib/lo* 

Tontlta Ylold 8tr«M (fTr) For 
0.8 to  100 Mf»   f>pOIUr« 

MH Alloy 

KX>    200    JOO   40O   300   BOO    fOO   8GO   900  IO00 
TEMPERATURE,*F 

FIK.    14.:;-5     inTECT  OF   ELEVATED  TEMPEKATUKEtt   ON   THE 
MECHANICAL PROPERTIES  OF  TWO MAGNESIUM  AI.LO?!J 
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proportion of titanium and I in alloys nro not nu woll ent.ub~ 

llnhod HB IhoBi! for the more conventional materials, but con- 

tinued use and tostw havo disclosed wonknesseH which will 

eventually be corrected.  Typical design data are «lvon in 

Fig. 14.3-7 and additional detail information on titanium in 

given on page 

A structural efficiency evaluation [ll5| of commercial 

titanium nhoct and extruded 75S-T8 and 24S-T3 aluminum alloys 

with short-time loading indicated that titanium shoot in the 

more efficient at temperatures above 400 F.  The evaluation IH 

given for compress Ive loading without buckling, foi column 

buckling, and for buckling of long plates I r, compression or 

shear.  The evaluation extended from HO  to 800 F and also In- 

cluded magnesium 7.K00A alloy and IH H stainless steel.  The 

stress strain tests were performed after the material was ex- 

posed to the test, temperature for one hour, with loading nl. a 

strain rate of 0.002 In/ln/mln.  For shorter times, and for 

titanium alloys other than the commercial grade, It appears 

that, fo" temperatures loss than 40O F, the advantage also 

favors the titanium for the cases where allowable stress and 

not modulus* Is the determining factor. 

Plastics offer another possible structural material for 

diffuser components.  These plastics art* used In the form of 

laminates In which many layers of fabric such its fihcrglus are 

bonded together with a high temperature resin to form struc- 

tural sheets of desired thickness with strength properties 

made to older.  Presently available are glass .-phenolic I am i 

iinti'M capable of use on a favorable strength-weighl basis at 

temperatures up to !>00 V.      Those sheets are amenable to being 

formed and Joined Into complex structural members, but I hey 

may also be used as the si-. Ins of sandwich members with a light 

weight mot a I or plan! t. core.  Typical design data are given 
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TEMPERATURE , °F 

100   200   300  400   5O0  600   700   BOO   900 1000   1100 

TEMPERATURE.°F 
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KIK-    14-3   7     EKKEC1   OK   Kl-EVATED TEMPERATURES  ON  THE   MECHANICAL 
PROPERTIES   OS-'   ANNMAI.KI)   AND  (<II.I1   ROLLED  TITANIUM 
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in rig. M.3-H.  A1t hough It IN apparent that. design nlJownbleH 

diminish rapidly with Increase In temperature, the ehorl flight 

tlmeH and high thermal inertia permit their line exteiiM 1 ve 1 y , 

liViui for primary Hiructuros.  One <>f l.h<t •>>>«•«• limitations for 

purls oxpuHdd 1<» airflow IH I. hit rend i ness with which some of 

ilamo  nlri ialh tt>tnl to del am I mile due to tironloi: in 1 ho wind 

himr.ra.  The very low stiffness of plastics IH n big disadvan- 

tage but buckling IH UHualSy el linliiai>"l by proper (ieslgli. 

t'l berg Ins laminates appear usable f< r practically all atructural 

I'li'mcnln of a guided missile including the tailpipe if npproprl 

ale ceramic or metallic iinni'H are used.  The overwhelming Hil- 

vanlagc of plastic at rue tiinin is the reduced fabricating costs 

• lue to IenH space being requires for processing and t .he feasi- 

bility of lining Hem I -skilled labor. 

Much current nmonrcli in t h I s fleli. in devoted to the 

development of reinforced, tow pressure laminates, and their 

use In both secondary -uid primary st ructures Hhould be greatly 

expanded. 

l'$«»p.vrUvu <iX. Kuoiicubic Matur.uAw 

Tabular information for conventional matorinls in In 

eluded in Table 14.3-2 to permit, onwy comparison <<>i preliminary 

•'•<•  ilgn of structural elements of guided missiles.  AH IH always 

good pnicl ice, f I t\n I design > I 1 owab I en shoulc be .Mined on exact 

Information obtained from the material manufacturers. 

Titanium 

Titanium   In   the  newest   material   available   for  use   in 

structural   design   an   a   possible   replacement   for  both   aluminum 

and  stainless  steel   alioyu   for  eievated   temperature,   high 
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TABLE   14   3-2(c) 
:* 

lii"'*"!"! t ihg   Plniit Its 

Tjpa "i  Plant i> 

(..*.!«  I. phenol it    laalnnta 

Ut a •>'•   4'   pl'*-lMi i t r    I attl itil i' 

fHkitf  u  ph«not.n   I ••dial* 

II < w >     It rt?flf ttl   |>a|tH I 
pl.aimi In   i»mt >>« t e» 

oolIon  fabric   f.i ltd 

Hi'uli.     | mil • I/MUMI till 

OOMpi ••"*' "I   •>-!• I « 

Lignl n   IMMI i'« ' '• 

('••I   pha-nol I- 

An I 11 in*   f «»i *n likohyilt'   i itM I II 
V i ««« it i r<-.; 
II.tp lanl til H«II 

A i i y i    i yJI«*    • •• " I f% 
biii 11 tfii 

Ini i  I"*II*' i 

Mil*' Unit   fin|t«* 

lhn M   h«iin 

MUM I ( n   ..•. M 

Ui MM     I DIMM I tl*'liyil<< 
i •!• i 11     IIBN«>    I MMI nai •• 

(  «• | I it ItiMit    III •'! *t f- ,     ( I MMMpH I Hltl 

CalluSoao acolatn  H.I 

Ci» I hi loan Acatato HI 

oiiulttMM ai-otata liulvra** HI 

( n I In IUMII at-otal«  butyrat»  <» • 

Tit I yum* ny t   H«j I IIMI• K'V IM I • 

i*«if y v i ny I   chlorIda  m • -< a * «• 

l'itl y* t y I •!!• 

t'l'IIB |   | . ('tlMlit'MHft 1 va Mhoai 
HI i . ii||l h nt rangth ft i IIMIH 1 ti 

Direct Inn1 t ll./ma> Uli/In2) (lb/In8) 

l,i>n| 1 1 uilinal 17 ,01111 1 i .mm 17,(100 
Tl aiiavni M*> ia,300 74 , /mi 1.1, All,) 

limn 11 mlliia 1 14 ,71X1 77,100 KI.OIKI 
Tl OIIMVt'l M*< it  IIIIII 77 , BOO M  nun 

Long 11 uiltnnl Id , lllli vi,nun 17 , .100 
Ti anavi'i ar> 1.1,711(1 7.1,400 n, 1100 
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i '•!•* 11 udina! lift ,,MHI 77.4110 |0,3009 

l.iillH 1 t uill lift 1 lit    IIIIII 77,000 in, iiou 
1 I anav*i la 17 ,7011 114 ,11011 IN, (loll 

tuna II uilinal in nun 7A,000 • ,•00 

I.HIIK 1 ' mil iia i ! i     /IM) 17 .loll 11,7(111 

.II llll.l 13 .noil •1            HI. 

/   Hull 11,nun 0,300 
U.41'11 77 .  in" 11,400 

1 • 1 1 inline! 4 .Kill IS,loo 4 ,1100 

l-nliR 1 1 uil Ina 1 li, non 11,700 II   IIIIII 

1 • 11 uilinal ii. linn 11,loo H   000 

U>n| lluillnal 7,000 1 J ,0011 1,300 

1 u II uilinal /, MM; lii Don n ADO 

1 niltf 1 1 nil 1 na 1 4  nun 7 .000 
Ti ana vtn an . .000 /. iJini 

Thai«M»JIurn it   I'l.oi lua 

A uoo 

11 400 

/ 400 

< mm 

11 noo 

11 1100 

•i 1100 

1 roc 

1, mo 

1.1100 

11,700 

<. nun 

•1  nor 

17 . I (HI 

I 7 , 4IMI 

in,700 
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11 duo 

fi. (no 

11. OHO 

I. 100 

4 , lion 
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I'I IIIIII 
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) 
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Htrongth~wotght ratio applications,  It is n Light-weight, 

strong, corrosion-resistant mstal which, for structural work 

at tsmpcratursa less than 900 F, approximately I'ttH bctwmiii 

steel and aluminum from oonsldsratton of density, modulun, and 

Htrongth,  For example, whore tltamlum can be SUbStitutsd, only 

60 per cent UH much weight 1M inquired for ulnlnloHR steel, «ec- 

11 on for section.  The ma 1 u adviintageM of titanium »H a slruc- 

i it i » l material are: 

1. Up to approximately 700 F, It has a higher strength- 
welght ratio than any other structural mnterial, 

2. It Is viriimlly non-corrosive and non-erosive 
(much better than stainless Hteel or mono I) 
in Ha 1i air, und 

3. fabrication can be done with standard processes 
and machinery (but with home changes in tools, 
feeds, and speeds). 

0- 

Disadvantages are: 

!. High cost of raw ran I«r i H1 , 

2. difficulty In rapidly processing high strength alloys, 

3. difficulty in making ductile welds, and 

4. Inconsistency of physical properties. 

Nominal mechanical properties and chemical composition are given 

in Table 14.3-3 and Table 14.3-4.  Titanium melts at temperatures 

between 2550  and 3180 V,   depending on the alloying constituents; 

Its density varies from 0. Hi to 0. 17 lb/in* and hardness from 

190 to 270 Brinell Hardness Number.  Surface hardness comparable 

to nltrlded steel is readily obtainable by appropriate heat 

treatment.  Tin* modulus of elasticity Is about  18 x 10  Lb/In 

(approximately half that of steel) and drops to about \'J.   x 10 

at A00°F (Fig. 14.2-4).  Apparently cold worMng th-vages the 

value of the modulus to a degree not. usually encountered In 

O - 4 1 
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other <
I
IIK i iici'i l nn materials and this, in part, accounts for the 

variation of 5 to 15 per cent (depending on the temperature) Irt 

tho experimental VUIUOH,  The eiiJuntnco limit of titanium Is 

very good with values generally exceeding fifl per cent cf tho 

tensllw strength, and preliminary information on Impact proper 

ties Indicator* a vory high Impact resistance over the tempera- 

ture range of 0° to 800-B00°F.  Cons I derable scatter ol the data 

gives evidence of variation In tho material an ieeelvcd from the 

mill but, on the whole, titanium MI.OWH no severe notch NODHI- 

tlvltv and does show a gradual rather than an abrupt change from 

ductile to brittle fracture an a function of tempera tu re. 

Commercially pure titanium and alloys respond to cold 

work, although generally it Is preferable to achieve strength 

by alloying rather than by work-hardenIng because of tho attend 

ant IONS In ductility.  For gulded-mtssIle components where ex- 

powurc to the hlKher temperatures Is for vory short periods, de- 

sign allowables can be based on work-hardened values. 

Currently, commercial titantuir and titanium alloys can 

be obtained In the formn shown in Table 14.3 5.  The variety la 

adequate for preliminary dcMlgu, but tho manufacturers should 

be consulted t'oi add I I tonal information. 

Forging of (Itanium and HM alloys may he accomplished by 

conventional procedures, hut morn force and heavier dies are 

usually required.  A sheet can be formed by bending, spinning, 

drawing, (lipping, stretch forming, and extruding.  The metal La 

most easily worked at elevates. 1. empor'i lures (500 -1200 F> but for 

most operations room temperature ;stsl techniques applicable to 

working stairless steel usually suffice.  Anodizing Improve.-; 

wire drawing and may Improve some of the other forming operations, 

Titanium may he machined by using much the same methods 

usually applied to stainless stools.  The material Is springy 

and tough even In the a.iwahid state and, because of the tendency 

In work harden, rcquires sharp loots, heavy machines, and heavy 

posltiv<> fords for cutting operations. 
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Titanium can bo welded with oase, but Its afi tnlty for 

oxygon, nitrogen, and hydrogen requires shielded arc wolfing. 

Shoot stock mny ho spot and seam-welded and even flash-butt 

wo l ding has boon used.  Welding techniques have boon receiving 

considerable attention recently and now developments will Im- 

prove application of most processes.  Bracing and soldering 

technique* have not yet been developed, but appear feiiHlbie. 

Casting of titanium has boon accomplished on a commercial basis, 

and permanent mold casting of small parts has been succossfu 1. 

Additional development is required to permit the casting of 

large slz.es. X 

Mnlyhdsnum 

Molybdenum with Its unique combination of outstanding 

high-temperature properties aid availability Is one of the most 

promising met a In for use at. temperatures above 1000 F, and if 

above 3000 F stresses are not exceHNive.  As a hen t-resisl ant 

material, molybdenum could be employed as n pure mot.il or as a 

major constituent of an alloy.  Molybdenum cannot be melted and 

cast by conventional means, but chemical 1y-preparo I powder can 

be consolidated into ingots suitable for working Into usable 

forms by either powder metallurgy or arc casting techniques. 

Since Ingot si7.es up to 1000 lbs have been produced, It appears 

that size is no Longs? a major limitation to tho use of molyb- 

denum as an engineering material .  The melting point of molyb- 

denum is very high, 4750 K, which Is exceeded only by tungsten 

and tantalum.  Its density Is 0.1108 lb/in" ; its specific hea« 

and coefficient of thermal expansion are about hall thai of 

steel (e.g., 3.0 x 10  in/tn/V at 70°F) ; and its. thermal con- 

ductivity In three to five times greater (e.g., O.V.M lltu/ft^/ 

nee/ F/ln).  These characteristics provide molybdenum wild 
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advu itt IIKIIOII;, h&u t-1miisfet and I.herma 1 shock proper 1 los , es- 

pecially useful where non-uniform tompernture eond t t I win and 

temperature-cycling effects nrn involved.  Dimensional sts- 

bllLty is coimoquontly greater and thermal MIVOHH problems 

are reduced. 

Mo I ybdmium a 1 HO II»H a high nioduius of elasticity, making 

It favorable for applications where rigidity requirements pre- 

vail.  This moduluH In not seriously affected by elevated tem- 

peratures (see Pig. 14.2-4), but does vary somewhat with grain 

direction and cold-work.  Conn 1 derab le variation «XIH(.M in the 

published data on strength properl IGH of molybdenum (typical 

value* are given In Fig. 14.2-1, Table 14. '.»«, and Table 14.:? 7), 

and It l« .liui thai the inechnnlrnl properties vary with Impurl- 

ties In the Imnli metal and nI NO with the fabrleatIon history. 

The room temperature durtlllty of molyhdenum IN relatively 

good, tin n-awtnn with temperature.   In the present Hlago of de 

velopmcnt. It cannot be cmiHtdered UM a ductile metal suitable for 

comprehensive structural usage.  Molybdenum appears to be very 

brittle under many conditions and Is quite "strain rate" and 

"uolcV sensitive.  Tests indicate a sharp decrease In Impact 

strength occurs below room temperature.  Appropriate considera- 

tion must therefore be taken when designing for Impact loach: 

which occur during winter transportation.  The creep and rupture 

strength of molybdenum ia high, compared to other pure metals 

used In high temperature alloys, and it Is superior to conven- 

tional alloys used above 1600 K 

The major problem to be overcome in the application «>l 

molybdenum an a heal resistant metal Is the rapidity of surface 

oxidation,  At 1800 F, for example, In slow flowing air, molyb- 

denum oxidizes at the rate of ().()>' io 0.0f> inch of thickness 

per hour,  Various methods of providing adequate surface protec- 

tion are being 1n.esiigated, and some are moderately successful. 
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Most of the processes can be classified under the genoral types 

of either "diffusion" coatings or ceramic coatings (4f»,4H j. 

Tho former -xrc  typified by a surface covering (applied by elec- 

troplating, vapor phase deposition, or cladding) with a metal 

that has bettor resistance to oxidation than molybdenum or one 

that forms an oxidation resistant alley with it,  These coat- 

ings usually fail because of the diffusion of the molybdenum 

Into the protective layer   Lifa of over 5000 hours nl !H00°F, 

and over 300 hours at 11100* F has been reported with coatings of 

molybdenum disillclde 2  mils thick.  The coatings have also 

shown good ssrvlco under load and when subjected to thermal 

cycling, and are useful up to 3300 F, the molting temperature. 

Nome ceramic coatings have also shown promise.  Coatings 

developed by the Bureau of Standards show no deterioration wiien 

exposed In air at 1650 F for 70 hours.  Doth diffusion and ce 

ramie coatings provide adequate protection for u;iagc not Involv 

log severe shock or impact loading. 

The development of ox Ida t ion- res istunt alloys I r* also 

being Investigated, although tills approach does not appear to 

offer much promise.  The amounts ol alloying additions ret;*.; trod 

to provide adequate protection are sufficient to make tho a I 

leys completely unworkable. 

Most procedures for forminK molybdenum are conventional. 

As a result of the high transition temperature, forming opera- 

tions such ns shearing, bonding, crimping, drawing, upsetting, 

and spinning Should be performed at elevated toinp< •«;»! urea to 

minimize Mm occurrence of brittle cracks.  Many forming opera 

Lions on molybdenun. cause cracks when carried out at room torn 

perat urn,, but it can bo readily worked at temperatures of about 

400 F,  However, sheet can be cold-rolled to a thickness of 

0.001 Inch at room temperature, but for crOBB-rolled molybdenum 

sheet between 0.020 and 0.040 Inch sheet. Mildness, working 

) 
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should take place within the temperature) range of 200  to .'125°F; 

for heavier stock, 900° to 1000 F temperature*) should he em- 

ployed.  Molybdenum can be spun by the customary procedureH at 

temperatures from 200  to 400 F.  Cross- rolled sheet umially 

is specified for drawing, spinning, and forming opera! lone to 

insure that the sheet has Hiifflclent ductility for forming In 

all direct tons.  In mach1 nub 1 I Ity, molybdenum more nearly re- 

sembles SAK 1040 steel heat-treated to Rockwell C30 than any 

other mater la 1. 

Mo) yhdenum parts are (f^ncnilly joined by riveting with 

molybdenum rivets or by bin/Inn with copper or silver solders. 

For high-temperature applications, tantalum foil has been em- 

ployed as a brav.liig material, I h*» operation ho I tig performed 

under water to prevent oxidation of the tantalum [48).  A nickel 

chromium alloy containing 2 to :t per cent boron (Wa 1 1 -Colmony 

No. e) iuiH be«>n reported to be a K""(l braying alloy for service 

up to 2000'F.  Reslstarce or arc welding techniques have he«n 

success!' ul , but the weldment 1H usually brittle and reinforce- 

menl Is required for parts to be formed after welding.  Spot or 

seam welding CUD he used. 

Mn.lerijiitt i'or Fuel CtLLia 

The   selection   of   niiilnrliib;   su I tublo   for   use   as   fuel 

cells   require  consideration  o<   several   factors, 

1, The   IOUMI IC   N) i(in|{lli   must   be  great   <• 'en   to 
withstand   (he   dynamic  movement   of   the   fuel 
within   the   (link , 

2. ft   inuel.    be   Impervious   to   hydrocarbons   for   long 
periods   of    time   to   permit   fueled   stowage   as   wo I I 
as   factory   tests   without   subsequent    Mushing, 

,1 

CQNRDENTIAL 
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3. it muMt bo extremely flexible to permit enr*y 
1 utl 1 lution and rellnblo operation, 

4. It muwt have a high dngree of weuruhllHy 
(or abrasion) and lour reHlKianco to permit 
cycling for teat purponen without potential, 
rupture whon BUbJCOted to flight load! and 
(lyunmlcH, 

5. it   muni,   bo   1 I|rht   In   weight   and   small    In   volume,   and 

6. it   must   have   adoquato   high   temperature   resistance 
n1 nee   pnrta   of   the  eel!   can  bo   In   intimate   rontael 
with   « he   tank   WUIIH.      The  cooling   effect,   of   the 
fuel    iteolf   helps   to   ameliorate   thlH   problem,   however, 

Typleal    (OHIH   made   to   HO left   a   fuel   eel I    for   an   ant la Ir 

craft    mlnsi IK   nrc   Mhown    In   Talili-    14    '.\   ft As   a    renu M    of    HutNC 

t.eatH,   a   cell   ma<le   of   nooprnne   rented   (4   oy,/yd')   nylon   fnhi'lc 

li.Ti   boon   developed.      This   re 1 I    In   adequate   for   IJHO   between   torn 

pern tu roe   of    -40     and   fSOO   IK;    n 11 hough   the   me 11 I ng   point   of   nylon 

Iw   -}Ho   F,   the   nuopruisc   coaling   liu rciinoii   the   allowable   operating 

temperature.      The   cell   wit.hKt.uudH   repeated   cycling   without   damage 

to   either   the   fabric   or   the   HeuniH. 

Plant Ic   col 1M   fabricated   from  Teflon   or   Kel   F   are   very 

good,   but.   fabrication  of   uniiHiia I   HhupoM   \H   difficult   due   to   the 

difficulty   of   making   reliable   Jolnlw.      W It li   Himple   geometrical 

couf igurat iotiB   and   c limuroH   by   meaim   of   mcchtiuieal   means   such 

as   clampn   or   HOW 1 1 ng   ring;;,   very   satisfactory   fuel   cells   ran   be 

made   from   plant!en   of   thlH   type. 
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